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FIG. 1. Frequency and frequency derivative search ranges
of the four pipelines: the FrequencyHough pipeline ranges
marked in grey, SkyHough in red, Time-Domain F-statistic
in blue, and SOAP in magenta. See Table I for details.

relation between the time at the source ⌧ and the time
at the detector t is given by:

⌧(t) = t+
~r(t) · ~n

c
+�E� � �S� , (4)

where ~r(t) is the position vector of the detector in the
Solar System Barycenter (SSB) frame, and ~n is the unit
vector pointing to the NS; �E� and �S� are respec-
tively the relativistic Einstein and Shapiro time delays.
In standard equatorial coordinates with right ascension
↵ and declination �, the components of the unit vector ~n
are given by (cos↵ cos �, sin↵ cos �, sin �).

B. Parameter space analyzed

All the four pipelines perform an all-sky search, how-
ever the frequency and frequency derivative ranges ana-
lyzed are di↵erent for each pipeline. The detailed ranges
analyzed by the four pipelines are summarized in Table I
and presented in Fig. 1. The FrequencyHough pipeline
analyzes a broad frequency range between 10 Hz and
2048 Hz and a broad frequency time derivative range be-
tween -10�8 Hz/s and 10�9 Hz/s. A very similar range
of f and ḟ is analyzed by SOAP pipeline. The SkyHough
pipeline analyzes a narrower frequency range where the
detectors are most sensitive whereas Time-Domain F-
statistic pipeline analyzes f and ḟ ranges of the bulk of
the observed pulsar population (see Fig. 2 in Sect. IVC).

C. Detection statistics

As all-sky searches cover a large parameter space they
are computationally very expensive and it is computa-
tionally prohibitive to analyze coherently the data from
the full observing run using optimal matched-filtering.
As a result each of the pipelines developed for the anal-
ysis uses a semi-coherent method. Moreover to reduce
the computer memory and to parallelize the searches the
data are divided into narrow bands. Each analysis be-
gins with sets of short Fourier transforms (SFTs) that
span the observation period, with coherence times rang-
ing from 1024s to 8192s. The FrequencyHough, SkyHough
and SOAP pipelines compute measures of strain power
directly from the SFTs and create detection statistics
by stacking those powers with corrections for frequency
evolution applied. The FrequencyHough and SkyHough
pipelines use Hough transform to do the stacking whereas
SOAP pipeline uses the Viterbi algorithm. The Time-
Domain F-statistic pipeline extracts band-limited 6-day
long time-domain data segments from the SFT sets and
applies frequency evolution corrections coherently to ob-
tain the F-statistic ([47]). Coincidences are then required
among multiple data segments with no stacking.

D. Outlier follow-up

All four pipelines perform a follow-up analysis of
the statistically significant candidates (outliers) obtained
during the search. All pipelines perform vetoing of the
outliers corresponding to narrow, instrumental artifacts
(lines) in the advanced LIGO detectors ([53]). Several
other consistency vetoes are also applied to eliminate
outliers. The FrequencyHough, SkyHough, and Time-
Domain F-statistic pipelines perform follow-up of the
candidates by processing the data with increasing long
coherence times whereas SOAP pipeline use convolu-
tional neural networks to do the post processing.

E. Upper limits

No periodic gravitational wave signals were observed
by any of the four pipelines and and all the pipelines ob-
tain upper limits on their strength. The three pipelines
SkyHough, Time-Domain F-statistic and SOAP obtain
the upper limits by injections of the signals according to
the model given in Section IIIA above for an array of sig-
nal amplitudes h0 and randomly choosing the remaining
parameters. The FrequencyHough pipeline obtains upper
limits using an analytic formula (see Eq. 6) that depends
on the spectral density of the noise of the detector. The
formula was validated by a number of tests consisting of
injecting signals to the data.


